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Although 1-alkanols have long been known to act as penetration enhancers and anesthetics, the mode of operation is not yet understood. In this
study, long-time molecular dynamics simulations have been performed to investigate the effect of 1-alkanols of various carbon chain lengths onto
the structure and dynamics of dimyristoylphosphatidylcholine bilayers. The simulations were complemented by microcalorimetry, continuous
bleaching and film balance experiments. In the simulations, all investigated 1-alkanols assembled inside the lipid bilayer within tens of
nanoseconds. Their hydroxyl groups bound preferentially to the lipid carbonyl group and the hydrocarbon chains stretched into the hydrophobic
core of the bilayer. Both molecular dynamics simulations and experiments showed that all 1-alkanols drastically affected the bilayer properties.
Insertion of long-chain 1-alkanols decreased the area per lipid while increasing the thickness of the bilayer and the order of the lipids. The bilayer
elasticity was reduced and the diffusive motion of the lipids within the bilayer plane was suppressed. On the other hand, integration of ethanol into
the bilayer enlarged the area per lipid. The bilayer became softer and lipid diffusion was enhanced.
© 2007 Elsevier B.V. All rights reserved.Keywords: Molecular dynamics (MD) simulation; DMPC; Alkanol; Anesthetic; Penetration enhancer; Elasticity1. Introduction
Since the demonstration of the phenomenon of anesthesia in
the middle of the 19th century by William Morton, there has
been a keen research interest to elucidate the underlying
mechanism. Special interest arises from the fact that there is a
vast number of structurally and chemically different molecules –
amongst them the 1-alkanols – which all cause anesthesia (see
review [1]). To account for this variety of anesthetics, the hy-
pothesis of a nonspecific or physical mode of action of anes-
thesia, mediated by lipid bilayers, rather than a chemical reaction
mechanism with binding of anesthetics to membrane proteins
was proposed (see, e.g., [2–4]). This hypothesis is supported by
the fact, that the Meyer–Overton rule, after which the anesthetic
effect of a drug correlates with its lipophilicity, is the only
relation which was found to be valid for almost all general
anesthetics [1].⁎ Corresponding author.
E-mail address: rainer@bioinformatik.uni-saarland.de (R.A. Böckmann).
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doi:10.1016/j.bbamem.2007.08.002Many different theories explaining the mode of action of
anesthetics were suggested and investigated. Indirect lipid-
mediated theories proposed anesthetic action to be exerted by a
change of membrane properties upon insertion of anesthetics—
like the volume of the membrane [2] or the volume that
anesthetics occupy within a membrane [5], the phase transition
temperature [6], the lipid chain order, the thickness of the
membrane, the lateral phase separations in membranes [7], or
the lateral pressure profile [8]. The latter changes may influence
the function of proteins embedded in the membrane, e.g., induce
a shift of the conformational equilibrium between the closed and
the open state of membrane channels [7,8]. A similar
mechanism of protein function regulation by bilayer elasticity
was also suggested (for a review, see [9]). However, up to now
there is no consensus neither about the site of action of
anesthetics nor about the mechanism of their action.
Apart from anesthesia, an important application of aliphatic
alkanols is their use as penetration enhancer in transdermal drug
delivery [10]. Like in the case of anesthetics, neither the mech-
anism of action of penetration enhancers nor the exact site of
action is known yet [10]. An interesting parallel between the
Table 1
The systems studied in the simulations
System
name
Number
of lipids
Number and type of
1-alkanol molecules
Number of
water molecules
Simulation
time (ns)
C1 128 None 5673 100
C2 512 None 22,692 52
C3 2048 None 90,768 23
E1 128 8 Ethanol 7470 100
E2 128 24 Ethanol 7409 100
E3 128 72 Ethanol 9394 100
E4 128 128 Ethanol 6995 100
E5 512 288 Ethanol 26,800 31
E6 2048 1152 Ethanol 107,200 23
E7 128 72 Ethanol 6146 100
E8 128 72 Ethanol 9322 100
O1 128 8 Octanol 5237 100
O2 128 24 Octanol 5140 100
O3 128 72 Octanol 6656 100
O4 128 128 Octanol 7945 100
O5 128 185 Octanol 7955 100
O6 512 96 Octanol 20,560 40
O7 512 288 Octanol 26,624 33
O8 2048 1152 Octanol 106,496 26
D1 128 8 Decanol 5229 100
D2 128 24 Decanol 5092 100
D3 128 72 Decanol 7474 100
D4 512 288 Decanol 29,896 31
TD1 128 8 Tetradecanol 5212 100
TD2 128 24 Tetradecanol 5027 100
TD3 128 72 Tetradecanol 7307 100
TD4 512 288 Tetradecanol 29,228 31
For the simulation E7, the Gromos 53A6 [37] forcefield was used instead of the
Gromacs forcefield. The simulation E8 contained ions in the aqueous phase.
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can be found for the so-called cutoff-effect for anesthetics: the
potency of a homologous series of anesthetics – e.g., the 1-
alkanols – is increasing until a certain chain length is reached.
1-Alkanols with a chain length above the cutoff length show no
anesthetic potency anymore. Similarly, the permeation enhanc-
ing effect of 1-alkanols increases with increasing chain length
up to decanol and decreases again for 1-alkanols with longer
carbon chains [11]. Also, the potency of alcohols as anesthetics
as well as penetration enhancers was found to decrease with
branching of the carbon chain [10,3]. For monounsaturated 1-
alkenols the cutoff in potency for anesthesia was found to be
shifted to longer carbon chains [12]; the same effect can be
found for 1-alkenols as penetration enhancer [10]. Apart from
the general interest in the mechanisms of anesthesia and
penetration enhancement caused by alcohols, an understanding
of these effects would possibly allow an improved design of
anesthetizing and permeation enhancing drugs.
Up to now there have been only a few computational studies
targeting the influence of anesthetics or alcohols on lipids. A
recent study by Patra et al. [13] examined the influence of
methanol and ethanol onto dipalmitoylphosphatidylcholine
(DPPC) and palmitoyloleoylphosphatidylcholine (POPC) lipid
bilayers by molecular dynamics (MD) simulations, reporting a
decreased order for lipids bound to ethanol and an increased
fluidity of the bilayers upon insertion of ethanol. In two
successive studies, Chanda and Bandyopadhyay [14,15] studied
the influence of ethanol onto dimyristoylphosphatidylcholine
(DMPC) bilayers at moderate and high concentrations. Despite
a short simulation time of 5 ns and pre-insertion of ethanol
molecules into the bilayer according to experimental results, a
change in the distribution of lipid headgroup dipoles and an
increase of the in-plane and out-of-plane mobility of the lipids
could be observed. The mobility of interfacial water was raised
due to preferential hydrogen bonding of ethanol to the lipids. In
a combined experimental and theoretical study of POPC
bilayers with ethanol at low hydration, Feller et al. [16] found
an interaction between the ethanol molecules and the lipid
phosphate groups via the formation of hydrogen bonds and a
predominant localization of the ethanol molecules at the bilayer/
water interface. Kranenburg et al. and Venturoli et al. [17–19]
applied coarse-grained simulations to investigate the influence
of alcohols on the phase diagrams and especially on the
interdigitated phase of lipid bilayers. Concerning anesthetics,
the influence of halothane on a pure DPPC bilayer [20] and on a
simple transmembrane channel (gramicidin A) [21,22] has been
studied by means of MD simulations. Halothane molecules
preferentially resided at the channel–lipid–water interphase. At
physiologically relevant concentrations, only minimal effects
on the gramicidin A structure, but profound changes in the
channel dynamics were reported.
Here, we use MD simulations to investigate the effects of 1-
alkanols of different chain lengths (below and above the cutoff
length) on the structure and dynamics of lipid bilayers.
Although lacking physiological components as, e.g., integral
membrane proteins, phospholipid bilayers can be considered as
a first approximation to understand the behavior of cellmembranes [13]. Applying the technique of MD simulations
allows to monitor the insertion of the 1-alkanols into the bilayer
as well as modifications of the bilayer properties induced by the
1-alkanols in atomic detail. Special emphasis has been put on
the analysis of the bilayer elasticity, volume changes of the
bilayer, as well as the lipid ordering before and after addition of
1-alkanols, as these effects have been proposed to be central to
the mechanism of action of anesthesia. The simulation results
were endorsed by continuous bleaching, film balance and
microcalorimetry experiments.
2. Materials and methods
2.1. Molecular dynamics simulation
2.1.1. Simulation setup
MD simulations have been carried out using the GROMACS software
package version 3.3 [23–25]. For the starting structure, a hydrated DMPC
bilayer consisting of 128 lipids (kindly provided by Peter Tieleman) was used.
This bilayer was placed into solutions of different alkanols – ethanol, octanol,
decanol and tetradecanol – with water. The initial coordinates of the 1-alkanols
were created with the help of the Dundee PRODRG2 Server [26] and then the
1-alkanols were randomly added to the water phase. The concentrations of the
water–alkanol solutions were in the range of 0.0 to approximately 0.6 mol kg−1
(0, 8, 24, and 72 1-alkanols). Suggested values for full hydration of lipid bilayers
range from 20 to 32 water molecules per lipid [27–29]. To ensure full hydration,
we chose a minimum total number of 5000 water molecules for the systems with
128 lipids, corresponding to a minimum ratio of 39 water molecules per lipid
(compare Table 1). Additionally, for octanol and ethanol, systems at larger 1-
alkanol concentrations of about 0.9 to 1.3 mol kg−1 were studied. Starting
Table 2
Equilibration times for the different simulated systems with 128 lipids
System C1 E1 E2 E3 E4 E7 E8 O1 O2
Equilibration time (ns) 5 5 16 31 25 20 20 10 25
System O3 O4 O5 D1 D2 D3 TD1 TD2 TD3
Equilibration time (ns) 30 40 30 10 20 60 13 60 50
Please note that simulations at higher 1-alkanol concentrations were started from
snapshots at lower concentrations.
2901B. Griepernau et al. / Biochimica et Biophysica Acta 1768 (2007) 2899–2913structures for systems with larger 1-alkanol concentrations were taken from
systems at lower concentrations. The effect of ions (system E8) was analyzed
by randomly adding sodium and chloride ions at a concentration of 215 mM
to the water-phase of an equilibrated ethanol–DMPC–water system (E3 after
100 ns, compare Table 1). Each system was simulated for 100 ns.
To deduce the bilayer elasticity from the bilayer undulations (see below),
larger patches were necessary. For this reason, we quadruplicated six
equilibrated systems with different 1-alkanol solutions and simulated them for
30–50 ns. In order to estimate the influence of the system size, three systems
were increased 16-fold (2048 lipids, simulation time≥23 ns). A summary of the
simulation systems and times is given in Table 1.
All systems were simulated using periodic boundary conditions, a triclinic
simulation box and a constant number of atoms at fixed pressure and
temperature (NPT ensemble). Constraining the bond lengths by the LINCS
[30] and SETTLE [31] methods allowed for an integration step size of 2 fs. The
lipids and the water–alkanol solutions were separately coupled to a heat bath at
310 K using a coupling time constant of 0.1 ps [32]. The pressure was kept
constant at 1 bar by a weak semiisotropic coupling to a pressure bath [32] using a
time constant of 1 ps and a compressibility of 4.5×10−5 bar−1.
To ensure a correct treatment of the long-range electrostatic interactions, the
Particle Mesh Ewald method [33] was applied using a Fourier grid spacing of
0.12 nm, a 4th-order cubic interpolation and a relative accuracy of 1.0×10−5.
The short-range van der Waals interactions have been accounted for with a
cutoff scheme using a cutoff radius of 1 nm. The neighborlist was updated every
10th integration step.
The forcefield for the lipids was taken from Berger et al. [34]. For water, the
SPC model [35] was chosen. For the 1-alkanols, the Gromacs forcefield,
modified for the partial atomic charges according to McCallum and Tieleman
[36], was adopted. A system with ethanol was additionally simulated using the
recently developed Gromos 53A6 forcefield [37]. The main difference between
the two forcefields used for the simulations of ethanol is an increased polarity of
the hydroxyl group for the Gromos 53A6 forcefield.
2.1.2. Membrane thickness
The average headgroup-to-headgroup thickness dHH of the bilayer was
calculated by determining the center of mass coordinates of each lipid
headgroup at each time step. These headgroup coordinates – weighted by a
normalized Gaussian function – were assigned to a grid in the x–y plane (lateral
membrane plane) for each monolayer separately. The membrane thickness was
taken as the space and time average of the distance between opposite grid points.
2.1.3. Deuterium order parameter
The average fluctuations of the lipid and 1-alkanol chains around the bilayer
normal are characterized by the order parameter tensor
Sab ¼ 32 cosha coshb 
1
2
dab
 
a;b ¼ x;y;zð Þ; ð1Þ
where cosθα denotes the angle between the αth molecular axis and the bilayer
normal. The deuterium order parameter SCD can be derived from the order
parameter tensor by using the equation
SCD ¼  23 Sxx 
1
3
Syy: ð2Þ
Here, the deuterium order parameters were calculated for the carbon atoms
of the DMPC lipids as well as for the carbon atoms of the 1-alkanol molecules
themselves. Both lipid chains were considered separately. The order para-
meters were averaged over time, starting at the respective equilibration time
(Table 2).
2.1.4. Area per lipid
Although there are various sophisticated methods to calculate the area per
lipid in binary mixtures [38], we chose the conventional approach to divide the
total area of the simulation box by the number of lipids in one monolayer and to
neglect the area of the 1-alkanol molecules. In this way, the simulated results can
be most easily compared to experiments. The fact that the area per 1-alkanol
molecule is much smaller than the area per lipid further substantiates this
procedure.2.1.5. Calculation of the bilayer elasticity from undulations
The elasticity of the bilayer has been derived from its undulations by
performing a spectral analysis analogous to the procedure described by Lindahl
and Edholm [39]. Similar methods have been applied by Goetz et al. [40],
Marrink and Mark [41], and den Otter and Briels [42]. For modes with
wavelengths larger than the membrane thickness, protrusions can be neglected
and the bilayer can be approximated as a single surface. In Fourier space, the
potential energy Eund of the surface undulations divided by the total area A of
the bilayer can be expressed as a function of the spectral intensity I (jYk j) (see,
e.g., Safran [43])
EundðjYk jÞ
A
¼ 0:5 kcjYk j4 þ gjYk j2
 
I jYk j  ð3Þ
with the wave vectorYk , the bending modulus kc and the surface tension γ. Using
the equipartition theorem E ¼ 1
2
kBT with the Boltzmann constant kB and the
temperature T, a transformation of Eq. (3) yields the following relation between
the spectral intensity and the bending modulus:
I jYk j  ¼ kBT
A
kcjYk j4 þ gjYk j2Þ1:

ð4Þ
For the semiisotropic pressure coupling applied in the simulations, the
surface tension is approximately zero. The bending modulus can then be
obtained from a fit of the spectral intensity as a function of the wave number.
The spectral intensity was computed by fitting a grid with a spacing of
g≈0.2 nm to the plane of the bilayer (x–y plane). For each grid point (xi, yj), the
amplitude of the grid point normal to the bilayer plane z(xi, yj, t) as a function of
time was calculated by summing over the center of mass z-coordinates zl(t) of
the lipid headgroups weighted by a coordinate-dependent Gaussian function:
z xi;yj;t
  ¼ 1
2
X
m
P
l zl tð Þexp ðxlðtÞxiÞ
2ðylðtÞyjÞ2
2r2
 
P
l exp
ðxlðtÞxiÞ2ðylðtÞyjÞ2
2r2
  : ð5Þ
The sumΣm adds up the contributions of the two monolayers and the sumΣl
is taken over all lipids of one monolayer. The elasticity has been computed both
for the average of the two monolayers as well as for the monolayers separately.
To ensure correct weighting of the contributions of all surrounding lipids to the
amplitude of the undulations at a certain grid point, the width σ of the Gaussian
function was chosen proportional to the grid spacing: σ=0.8 g. Thereby, all lipid
headgroup coordinates can be attributed with a non-negligible contribution to
specific grid points, while only a small smoothing between neighboured grid
points is applied. A two-dimensional Fast Fourier Transformation (FFT) was
applied to the function z(xi, yj, t) yielding z˜ (kx, ky, t). Projection of the two
spatial directions onto the absolute value of the wave vectorYk gave the k-space
mode amplitudes z˜ (jYk j, t), the square of which is the spectral intensity I (jYk j,
t). A binning over the intensities for different wave numbers in intervals of
2p=lbox was applied, where lbox is the length of the simulation box in x- and y-
direction.
As mentioned above, such an analysis can only be conducted for modes with
wavelengths larger than the bilayer thickness (see Fig. 6). Therefore, only the 4-
fold bilayers consisting of 512 lipids (≈12.8 nm box length in x- and y-direction)
and the 16-fold systems (2048 lipids) (see Table 1) have been evaluated.
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three dimensions to resolve the intensity not only as a function of the wave
number but also the frequency. The total spectral intensity I (jYk j) is then given
by the sum over all frequencies except ω=0 (exclusion of ω=0 eliminates the
translation of the bilayer).
2.1.6. Diffusion coefficient
The lateral self-diffusion coefficient D of the lipids
D ¼ 1
4
lim
tYl
1
t
hjx t0ð Þ  x t0 þ tð Þj2it0
 	
ð6Þ
was estimated from the slope of the mean–square displacements d2 of the center
of mass coordinates x of the lipid headgroups in the bilayer plane (linear fit in
the time interval from the 2nd to the 5th nanosecond):
d2 tð Þ ¼ 1
N
1
T  t
XN
i¼1
XTt1
t0¼0
jx t0ð Þ  x t0 þ tð Þj2: ð7Þ
The first sum runs over all N lipids and the second sum runs over all time
frames smaller than T− t, where T is the sampling time (sliding window). The
lateral mean–square displacements of the lipids were corrected for the center of
mass motion of the respective monolayer [44]. The error was estimated by
splitting the trajectories with 512 lipids into pieces of 10-ns length, and those
with 128 lipids into pieces of 40-ns length.
2.2. Experiments
2.2.1. Diffusion measurements and continuous bleaching
DMPC was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and
used without further purification. The fluorescent lipid probe TexasRed DHPE
was purchased from Invitrogen (Karlsruhe, Germany). Branched polyethyleni-
mine (PEI) (M.W. 1800 g mol−1), potassium nitrate, ethanol (p.a.) and
tetradecanol (purity 97%) were obtained from Sigma Aldrich (Munich,
Germany).
Supported lipid bilayers on a cushion of PEI were recently shown to display
quasi-free behavior [45] and thus were selected to study the lateral diffusion of
the alkanol-doped membranes. Multilamellar vesicles (MLVs) were prepared by
hydration of a dried lipid film with 150 mM KNO3/H2O and subsequent
incubation at TNTm for several hours. Small unilamellar vesicles (SUVs) were
obtained by sonification of MLVs with a probe sonificator for 15 min. Finally,
the SUVs were centrifuged to remove titanium particles.
Solid supported bilayers for diffusion measurements were prepared by
vesicle fusion on a microscope coverslip. The SUV solution with a concen-
tration of 0.5 mg ml−1 and a 0.2% TexasRed DHPE content was incubated on
the cover glass at TNTm for 6 h, followed by extensive washing with buffer to
remove the remaining SUVs. To obtain polymer-cushioned bilayers, a 10 mg
ml−1 PEI solution in 150 mM KNO3/H2O was added to the system and left to
incubate for 15 min.
The diffusion measurements were performed on an Axiovert 200 Fluorescent
Microscope (Zeiss, Göttingen, Germany) using the method of continuous
photobleaching [46]. Briefly, a spot of approximately 10-μm diameter (area of
interest, AoI) was observedwith a 63× oil immersion objective. The fluorophores
inside the spot are continuously photobleached while new unbleached lipids
diffuse into the AoI. For the radial intensity distribution near the edge of the AoI
the following analytical expression holds [46]:
I rð Þ~exp krð Þ with k2 ¼ B0
D
: ð8Þ
In this equation, D is the diffusion constant of the fluorophore and B0 is the
bleaching rate. B0 is determined from the exponential decay of the intensity in
the center of the AoI,
IðtÞ~expðB0tÞ: ð9Þ
The results are given as the mean of three measurements performed within
hours on a freshly prepared sample, with the standard deviation giving the error
bars.2.2.2. Incorporation of 1-alkanols into the membrane
Ethanol was directly added to the aqueous phase and is therefore given in
vol.%. Tetradecanol, however, is not water soluble and was therefore dissolved
in chloroform and added to the chloroform/DMPC solution prior to vesicle or
film preparation. Partition coefficients of tetradecanol are therefore missing.
2.2.3. Film balance experiments
To acquire the compressibility of lipid membranes with and without 1-
alkanols, pressure–area isotherms were measured using a regular film balance of
Nima Technologies (Coventry, England). 500 ml of double distilled water was
filled into a trough and the lipid–chloroform solution was spread onto the water
surface. Due to the low solubility of tetradecanol in water, tetradecanol and
DMPC molecules were mixed together in a ratio of 1 to 10 in a chloroform
solution, while 2 vol.% of ethanol was directly added into the water subphase.
After evaporation of the solvent the film was compressed with a speed of 3 cm2
min−1 (1.3 Å2/min per molecule). The lateral pressure is monitored using a
Wilhelmy plate. The isothermal compressibility κT was directly derived using
jT ¼ 1A
dA
dpjT : ð10Þ
From the compressibility profile we extracted κT of the liquid expanded
phase (corresponding approximately to the fluid phase in lipid bilayers) by
fitting two tangents at the lower left of the transition peak shoulder (compare
Fig. 9). The intersection was taken as the onset of the fluid phase. From the same
fit the error bar was calculated.
2.2.4. Microcalorimetry
Multilamellar vesicles (MLVs) of DMPC were produced both in double
distilled water and in a double distilled water/ethanol (9:1 v/v) solution. For
DMPC/tetradecanol MLVs (20:1 mol/mol), the components dissolved in
chloroform were mixed and after evaporation of the solvent hydrated in double
distilled water. Differential heat capacity scans of the lipid dispersions (0.5 mg
ml−1) were recorded with a Microcal VP-DSC Micro Calorimeter (Microcal
Inc., USA) at a heating rate of 5 °C h−1 at high feedback mode. Measured data
were analyzed using the routines of the Origin software (Microcal Inc., USA).
The solubility of the 1-alkanols in the phospholipid membranes can directly be
derived from the heat capacity experiment exploiting the shift in the phase
transition temperature [47]
DT ¼ RT
2
H
xM: ð11Þ
R denotes the gas constant, T the transition temperature of the lipid–alkanol
suspension, and xM the concentration of dissolved 1-alkanol in the membrane
fraction in mol. The transition enthalpy H is extracted from the heat capacity by
integrating over the transition regime
H ¼
Z
cpdT : ð12Þ
Hence, the thermodynamic partition coefficient Kp, defined as the ratio of
the mole fraction of 1-alkanols in the bilayer and the mole fraction of 1-alkanols
in the surrounding water, can be calculated directly from Eq. (11) and the
amount of alkanol added to the solution.3. Results and discussion
3.1. Molecular dynamics simulations
3.1.1. Equilibration times
All 1-alkanols went into the bilayer within a few nanose-
conds. Only for the simulations with ethanol and the
simulations with the highest octanol concentrations (O4 and
O5), 1-alkanol molecules remained in the water. Long-chain 1-
alkanols clustered prior to their membrane insertion, resulting in
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times, the concentration of the 1-alkanols in the water as well as
the area per lipid and the lipid order parameter were monitored
as a function of time. The equilibration times for the different
simulations with 128 lipids are summarized in Table 2. All later
analysis is done with respect to these equilibration times.
Given that the building blocks for the large systems with 512
and 2048 lipids, i.e., the smaller patches, were already in
equilibrium, the equilibration times for the 4-fold and 16-fold
systems were expected to be small. Using the same criteria as
before, the large systems were even found to be in equilibrium
from the beginning. However, for the calculation of the bending
modulus from the bilayer undulations, additionally all undula-
tory modes have to be fully developed. Therefore, the intensity
of each mode, especially the modes with the longest
wavelengths, which take the longest time to develop [41],
was monitored as a function of time (not shown). Maximum
intensity was reached within the first few nanoseconds and an
equilibration time of 6 ns for the patches with 512 lipids and
7 ns for the patches with 2048 lipids was chosen accordingly.
3.1.2. Partition coefficients
In the simulations presented here, the initial molalities of the
1-alkanol–water solutions were chosen in the range of 0.0 mol
kg−1 to 1.3 mol kg−1 (mole fraction 0.000 to 0.023). After
equilibration, in the simulations with 1-alkanols molalities of
0.09 mol kg−1 to 2.13 mol kg−1 (mole fractions of 0.06 to 0.59)
were obtained within the bilayer, close to or above the 1-alkanol
concentrations required to reach anesthesia (10 mM to 100 mM
[48–50]). However, the anesthetic effect depends strongly on
the anesthetic used, the desired effect, and other factors. The
thermodynamic partition coefficient Kp, defined as the ratio of
the mole fraction of 1-alkanols in the bilayer and the mole
fraction of 1-alkanols in the surrounding water, could only be
calculated for simulations for which the average number of 1-
alkanol molecules outside of the bilayer was significantly larger
than zero. Otherwise, lower bounds for the partition coefficient
(determined by assuming that one alkanol molecule stayed
inside the water) are given. The respective values are
summarized in Table 3. Because for most of the simulations
the number of 1-alkanols remaining in the water is very small,
the standard deviation determined by block averaging is large.
For decanol and tetradecanol, the lower bounds of Kp
obtained here are consistent with measurements of the partition
coefficients K (ratio of concentrations) of 1-alkanols into
bilayers consisting of a mixture of egg lecithin, cholesterol andTable 3
Partition coefficients obtained for the simulations with 128 lipids and large
concentrations of 1-alkanols
System E3 E4 E7 E8
Partition coefficients (1.8±1.4)×103 470±119 76±20 814±331
System O3 O5 D3 TD3
Partition coefficients ⁎2.4×103 (5.5−4.8
+28.1)×104 ⁎2.7×103 ⁎2.6×103
Values marked by ⁎ define lower bounds. For the simulation E3 an equilibration
time of 30 ns was used.phosphatidic acid [49]. Seeman et al. [48] reported a remarkably
lower value for the partitioning of decanol into erythrocyte
ghost membranes (K=1226.31±92.13 in units of molal
membrane concentration over molar water concentration, i.e.,
Kp≈4.4×104), but still this value is well above the lower bound
for the partition coefficient found here (KpN2.7×10
3).
Thermodynamic partition coefficients for octanol and
various pure bilayers (DPPC, DOPC, DLPE, DOPG and
SAPC) were experimentally determined by Rowe et al. [51]
(Kp≈1.7×104, averaged over all different bilayers at T=45 °C)
and are in agreement with the lower bound for the octanol
partition coefficient of system O3 (KpN2.3×10
3), and compa-
rable to the thermodynamic partition coefficient of system O5
(Kp=(5.5−4.8
+28.1)×104).
In a recent study, using NMR data and gas chromatography,
Koenig and Gawrisch [50] found about 4% of the ethanol being
bound to the lipids for a solution of ethanol and water at
physiological concentration with a fraction of 14 wt.% lipids.
This corresponds to a thermodynamic partition coefficient of
Kp≈10. A value in the same order of magnitude was reported
by Rowe [52] and was confirmed by our own experiments (see
below). The thermodynamic partition coefficients obtained
from the simulations E1–E4 using the Gromacs forcefield
parameters for ethanol are larger than these experimental values
by at least two orders of magnitude. A similarly increased
partition coefficient can be deduced from the recent simulations
by Patra et al. [13], using the same forcefield. This discrepancy
between experiment and simulations is at least partially due to
the forcefield: usage of the refined Gromos 53A6 forcefield [37]
for the ethanol molecules (simulation E7) with an increased
polarity of the hydroxyl group resulted in a considerably
decreased partition coefficient of Kp=76±20 as compared to
the respective system using the Gromacs forcefield (E3,
Kp≈ (1.8±1.4)×103). Further reasons for the deviating parti-
tion coefficient in the simulations could be inaccuracies in the
lipid forcefield or the only implicit consideration of
polarization effects in the region of the hydrophilic lipid
headgroup. A possible influence of ions (Na+ and Cl−) was
tested by a simulation at approximately 200 mM NaCl
(Gromacs forcefield). Though in the simulation with ions a
decrease of the partition coefficient by a factor of 2 was
observed (simulations E3 and E8), this decrease is too
moderate to account for the difference between the experi-
ments and the simulations. Due to the considerably too large
partition coefficient for ethanol, the observed effects are
probably amplified with respect to experiments at comparable
concentrations.
3.1.3. Distribution of 1-alkanols inside the bilayer
Initially, all 1-alkanols were randomly placed into the water.
The 1-alkanols spontaneously moved into the bilayer on short
timescales. Their tendency to cluster inside the water phase –
resulting in a slowdown of membrane insertion – increased with
the carbon chain length. Once inside the bilayer, the hydroxyl
groups of the 1-alkanols were closely anchored to the lipid
headgroups and their carbon tails stretched into the hydrophobic
core of the bilayer (see Fig. 1).
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Fig. 2. A cluster of tetradecanol molecules (green: carbon chains, red: oxygen atoms) enters the bilayer. Panels A and B show a side and a top view of a snapshot after
11 ns, panel C a top view after 100 ns. For clarity, water molecules have been omitted from the representation (in A, four lipids have been removed additionally). After
100 ns, the tetradecanol cluster is dissolved in the lipid bilayer (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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head-first and tail-first insertion as well as initial aggregation
on the membrane surface was observed for long-chain 1-
alkanols. Aggregation of long-chain 1-alkanols on the
membrane surface is followed either by a sequential
membrane integration of the cluster-alkanols, or by penetration
of the complete cluster into the lipid headgroup region. The
latter case is illustrated in Fig. 2, showing a tetradecanol
cluster insertion after several lipids gave way. After insertion,
the 1-alkanol carbon chains aligned with the hydrophobic lipid
tails and dispersed inside the monolayer (Fig. 2C). No
crossing events of tetradecanol molecules between the bilayer
leaflets were observed. For octanol and decanol only one, and
for ethanol many such crossing events were found (see also
[13]). For ethanol and octanol, the partitioning of 1-alkanol
molecules between the monolayers was rather uniform (except
for the two largest concentrations of octanol). Yet for decanol
and tetradecanol, this distribution was asymmetric due to the
clustering of the 1-alkanol molecules inside the water prior to
membrane insertion.
Without 1-alkanols, a bilayer thickness of d=34.6 Å was
determined. This value is in line with results of experimental
studies: e.g., Lewis and Engelman [53] reported a bilayer
thickness (distance between the maxima in the electron density
profile) of dHH=(34±1)Å at T=36 °C, studying sonicated
unilamellar DMPC liposomes (this value was later corrected by
addition of 0.8 to 1 Å [54]). Comparable values were found by
Nagle and Tristram-Nagle [54] and Kucerka et al. [55].
Depending on the concentration, the insertion of the long-
chain 1-alkanols octanol, decanol, and tetradecanol globally
increased the thickness of the bilayer by 0.5–6.1 Å (compare
Table 4).Fig. 1. Snapshot of some of the simulation systems after 100 ns with ethanol (A), octan
1-alkanol chains are highlighted in green, their oxygens are represented by red spheres
nitrogen atoms are light blue. Additionally, the (number) density profiles across the lip
for the tetradecanol–DMPC system (F) are given. The latter exhibits an asymmetri
interpretation of the references to colour in this figure legend, the reader is referred tHowever, due to the asymmetric integration of tetradecanol,
a local thinning of the membrane could be observed: lipids of
one monolayer were drawn to the other monolayer, such that
the tetradecanol chains spanned the whole hydrophobic core
of the bilayer (see Fig. 1D). In Fig. 1F, this thinning is
reflected by an additional peak in the phosphorus density. The
insertion of ethanol decreases the bilayer thickness by up to
1 Å. This is coupled to the well-known intertwining between
the lipid fatty acyl chains [56]. In simulations with octanol,
decanol and tetradecanol, the central minimum in the density
profile was more pronounced than for a pure DMPC bilayer
(not shown).
The hydroxyl groups of inserted 1-alkanols preferentially
hydrogen-bonded to the lipid glycerol backbone. A hydrogen
bond analysis, where a hydrogen bond was said to exist if the
donor and acceptor atoms were ≤3.5 Å apart and the angle
hydrogen–donor–acceptor was ≤30°, showed that for all
simulations with 128 lipids and 72 1-alkanols (Gromacs
forcefield) more than 50 hydrogen bonds between the lipid
oxygen atoms and the 1-alkanols hydroxyl groups existed at
every timestep. The favorite binding site was the carbonyl
oxygen at the end of the sn2-chain (stereochemical numbering),
where more than 49% of all hydrogen bonded 1-alkanols
docked. For the simulation of ethanol with the Gromos 53A6
forcefield, only approximately 33 hydrogen bonds between
lipid oxygens and 1-alkanols existed on average per timestep.
Typical lifetimes of hydrogen bonds, defined as the inverse of
the rate constant for hydrogen bond breaking [57], between the
1-alkanols and the carbonyl oxygen of the sn2-chain ranged
from 434 ps for ethanol to 1976 ps for octanol. Experimental
studies reported ethanol–lipid contact times of the same order
(1 ns [58] up to 1.8 ns [50]).ol (B), decanol (C), and tetradecanol (D) (128 lipids/72 1-alkanol molecules). The
.Water is blue, the lipid chains are yellow, the phosphorus atoms are magenta, and
id bilayer (normalized to one) both for the octanol–DMPC system (E) as well as
c distribution of the tetradecanol molecules between the two monolayers. (For
o the web version of this article.)
Table 4
Average headgroup-to-headgroup thickness dHH of the bilayer for the different
simulations with 128 lipids
# 1-alkanols Ethanol
dHH (Å)
Octanol
dHH (Å)
Decanol
dHH (Å)
Tetradecanol
dHH (Å)
8 34.6±0.2 35.1±0.3 35.1±0.4 35.2±0.2
24 34.6±0.4 36.0±0.3 36.5±0.3 37.3±0.2
72 34.4±0.2 38.2±0.4 40.3±0.2 40.7±0.2
128 33.6±0.2 39.8±0.1 – –
185 – 40.2±0.1 – –
The thickness of the pure bilayer in water was 34.6±0.3 Å. For simulations E2,
E3 and TD3 equilibration times of 15, 30 and 15 ns were used.
Fig. 3. Deuterium order parameter of the DMPC lipids as a function of the
carbon number, counted from the outside to the inside of the bilayer (128 lipids).
Solid lines indicate values obtained from the simulations (sn2 chain, black: pure
DMPC, orange: DMPC with 72 ethanol molecules, blue: DMPCwith 72 octanol
molecules, green: DMPC with 72 decanol molecules and red: DMPC with 72
tetradecanol molecules). Standard deviations are included by error bars (hardly
visible due to their smallness). The orange dashed line shows the lipid order
parameters calculated from the simulations of ethanol with the Gromos 53A6
forcefield (simulation E7). Symbols denote experimental values from 2H NMR
measurements (black squares: pure DMPC measured by Nevzorov [61]; black
diamonds: pure DMPC measured by Pope and Dubro [59]; blue triangles:
DMPC with octanol (lipid/solute/water molar ratio of 1.0/0.4/9.0, T≈34 °C)
measured by Pope and Dubro [59]). Rearrangements of the experimental order
parameters of Pope and Dubro [59] according to the overall shape of the curve
obtained in the MD simulations (see text) are shown as dotted lines (pure
DMPC: black; DMPC with octanol: blue). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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For the simulations using the Gromacs forcefield for the 1-
alkanols, the insertion of any 1-alkanol into the lipid bilayer
resulted in an increase of the (average) deuterium order
parameter of the lipid carbon chains (Fig. 3). This order
increase was larger for longer 1-alkanol chains and larger
concentrations of the 1-alkanols inside the bilayer. The usage of
the refined Gromos 53A6 forcefield for ethanol slightly
decreased the average order of the lipids in the presence of
ethanol compared to pure bilayers. These findings are also
reflected in a decreased gauche:trans ratio of the lipid tails (see
Supplementary material).
Addition of ethanol (Gromacs forcefield) mainly influenced
the order of the outer carbon atoms. Relative to the pure
bilayer, a steeper order decrease at the core of the bilayer was
observed. This effect is probably due to intertwining of the
lipids and is in line with the thickness decrease of the bilayer.
The octanol, decanol, and tetradecanol molecules stretched
further into the bilayer and raised the order of all carbon
atoms. For these 1-alkanols, the maximum of the lipid order
parameter was shifted towards the bilayer core. Both lipid chains
(sn1 and sn2) showed a similar behavior; the values were only
shifted by the additional carbon atom at the head group of the sn1
chain.
The deuterium order parameters strongly depend not only
on the concentration of the solute [59], the temperature [60],
and the hydration of the sample [59], but also on the specific
lipid investigated as well as on the cholesterol content of the
bilayer. Therefore, a comparison between the theoretically
derived and experimentally found values requires a careful
analysis of the respective conditions. 2H NMR measurements
of the lipid order parameter were done by Pope and Dubro
[59] and Nevzorov et al. [61]. Their results are included in
Fig. 3. While for pure DMPC bilayers the results of
Nevzorov et al. [61] agree very well with the simulations,
the measurements of Pope and Dubro [59] show an increased
lipid order as compared to our simulations. This is probably
due to the comparably low hydration (9 water molecules per
lipid) and temperature (T≈34 °C) in the experiments. As in
the simulations, Pope and Dubro [59] observed a lipid order
increase upon addition of octanol. However, the lipids were
perdeuterated in various positions simultaneously. Therefore,
the measured order parameters could not be assigned
unambiguously to the lipid carbon atoms [59]. Based onthe results of our simulations, we suggest a rearrangement of
the experimental values as indicated by the dotted lines in
Fig. 3. For this rearrangement, the experimental values have
been reassigned to the carbon atoms such that the order
parameters as a function of the carbon atom number adopt the
same shape as the order parameters determined from the
simulations.
The order of the 1-alkanol carbon chains was found to
depend on the chain length and the 1-alkanol concentration in
the bilayer (Fig. 4) in the same way as the lipid order. A
comparison to 2H NMR experiments qualitatively confirms the
simulation results: Pope and Dubro [59] investigated the
influence of solute concentration and hydration onto the order
of octanol molecules dissolved in DMPC bilayers. As in the
simulations, they found an increase in the octanol order as the
octanol concentration was raised. An increase in hydration
reduced the order of the octanol molecules. Values for
tetradecanol and decanol order parameters can be found in
publications of Westerman et al. [62] and Thewalt et al. [63],
where the order of selectively deuterated 1-decanol molecules
was measured using multilamellar dispersions. As can be seen
from Fig. 4, the order parameters calculated from the
simulations are in most cases larger than the experimentally
found values. For decanol and tetradecanol, this discrepancy is
Fig. 4. Deuterium order parameter of the 1-alkanols' carbon chains as a function
of the carbon number, counted starting at the hydroxyl group. The dotted/dashed/
dash–dotted lines correspond to the simulations with 8/24/72 1-alkanols in 128
lipids. Experimental values are taken from Pope and Dubro [59] (crosses), Pope
et al. [60] (triangles), Thewalt et al. [63] (asterisks) and Westerman et al. [62]
(diamonds).
Fig. 5. Area per lipid for the bilayer in the solutions with 72 molecules of the
respective 1-alkanol as a function of time. The values were smoothed by
averaging over time intervals of 1 ns (sliding window procedure).
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and T=330 K) in the experiments.
3.1.5. Area per lipid
For the pure DMPC bilayer in water, the average area per
lipid was 64.15±0.77 Å2, in agreement with experimental
results ranging from 60.01±0.75 Å2 [64] to 65.7±3.0 Å2 [53] at
309 K and with previous simulation studies applying the same
forcefield (e.g., [65,29,66]). The area per lipid increased forTable 5
Average area per lipid (ApL) for the different simulations with 128 lipids
# 1-alkanols Ethanol
ApL (Å2)
Octanol
ApL (Å2)
Decanol
ApL (Å2)
Tetradecanol
ApL (Å2)
8 64.38±0.56 63.60±0.59 63.88±0.88 64.03±0.54
24 64.74±0.98 63.45±0.78 62.69±0.67 61.49±0.53
72 67.18±0.54 63.44±0.96 59.80±0.32 60.57±0.31
128 70.96±0.53 64.38±0.28 – –
185 – 68.49±0.25 – –
For the simulation of a pure bilayer in water, the average area per lipid was
calculated to be 64.15±0.77 Å2. For simulations E2, E3 and TD3 equilibration
times of 15, 30 and 15 ns were used.membranes containing ethanol, while it decreased for mem-
branes containing decanol or tetradecanol (see Table 5 and Fig.
5). For the lower octanol concentrations, the analysis showed a
slight decrease of the area per lipid, while for high concentra-
tions, an increase was found. For a DMPC–ethanol system
containing monovalent ions (system E8), the area per lipid was
63.75±0.81 Å2 due to the coordination of cations by the lipid
carbonyl groups [44].
The increase in the area per molecule for ethanol is in
agreement with micropipette aspiration experiments by Ly et
al. [67,68] as well as our own experimental results (see
below). Combining the results for the area per lipid and the
thickness of the bilayer (Table 4), the volume per lipid was
computed (Table 6). For the pure bilayer, the volume per lipid
was VDMPC=1.11±0.01 nm
3. This compares well to the
experimental value of VDMPC=1108 Å
3 at T=309 K reported
by Nagle and Wilkinson [69]. The average lipid volume in-
creased only slightly with increasing 1-alkanol concentration.
3.1.6. Bending modulus and elasticity
In the following, we investigated the influence of 1-alkanols
on the elastic properties of the DMPC bilayer. The bending
moduli of the different systems were calculated by a fit of the
intensity of the bilayer undulations observed in the simulations
(compare section Materials and methods and see Fig. 6). The
values are summarized in Table 7. They were obtained using a
time resolution of Δt=10 ps, a grid spacing g≈0.2 nm and a
width of the Gaussian function of σ=0.8 g. The first 6 ns (7 ns)Table 6
The volume V per lipid for the different simulations with 128 lipids
# 1-alkanols Ethanol
V (nm3)
Octanol
V (nm3)
Decanol
V (nm3)
Tetradecanol
V (nm3)
8 1.11±0.01 1.12±0.01 1.12±0.02 1.13±0.01
24 1.12±0.02 1.14±0.02 1.14±0.02 1.15±0.01
72 1.16±0.01 1.21±0.02 1.20±0.01 1.23±0.01
128 1.19±0.01 1.28±0.01 – –
– – 1.38±0.01 – –
For the pure bilayer in water, a value of 1.11±0.02 nm3 was found.
Fig. 6. Intensity of undulations (scaled for the different patch sizes) versus wave
number for the simulation systems C2 (512 lipids) and C3 (2048 lipids) (pure
bilayers). The elasticity is obtained by fitting the intensity at low wavenumbers
(b2π/λ0, λ0=membrane thickness).
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analysis to account for equilibration of the systems (see
Equilibration times section). The error was estimated by block
averaging over time. The time window was adjusted such that
the autocorrelation of the undulatory modes with the largest
wavelength drops below 0.2. The bending moduli denoted with
a superscript ‘av’ were calculated by averaging the grid
coordinates of both lipid monolayers; values denoted with
‘up’ or ‘low’ correspond to the analysis of individual
monolayers. In agreement with the experiments of Ly et al.
[67,68], ethanol decreased the bending modulus of the bilayer.
On the other hand, at larger concentrations the long-chain 1-
alkanols octanol and decanol stiffened the bilayer.
The asymmetric distribution of the tetradecanol molecules
inside the bilayer (62.5% of the tetradecanol molecules went
into the upper monolayer) led to a persistent (asymmetric) local
thinning of the membrane. Thereby, the flexibilities both of the
monolayers and of the bilayer are presumably overestimated.
For symmetric insertion, we would thus expect a stiffening also
for tetradecanol-containing membranes. In general, the bending
moduli of the monolayers are smaller than the ones of the
corresponding bilayer, because in the latter case peristaltic
motions were averaged out, while these motions contributeTable 7
The bending moduli for the different simulation systems
System # DMPC kc
av (J) kc
up (J) kc
low (J)
C2 512 (2.5±0.2)×10−20 (1.5±0.1)×10−20 (1.5±0.1)×10−20
C3 2048 (3.2±0.1)×10−20 (2.1±0.1)×10−20 (2.1±0.1)×10−20
E5 512 (2.2±0.1)×10−20 (1.5±0.1)×10−20 (1.3±0.1)×10−20
E6 2048 (2.6±0.3)×10−20 (1.7±0.2)×10−20 (1.6±0.2)×10−20
O6 512 (2.5±0.2)×10−20 (1.7±0.1)×10−20 (1.5±0.1)×10−20
O7 512 (3.6±0.3)×10−20 (2.1±0.2)×10−20 (2.5±0.2)×10−20
08 2084 (4.5±0.1)×10−20 (3.2±0.1)×10−20 (3.2±0.1)×10−20
D4 512 (3.6±0.4)×10−20 (1.9±0.3)×10−20 (2.1±0.4)×10−20
TD4 512 (2.7±0.2)×10−20 (1.8±0.2)×10−20 (1.1±0.1)×10−20
kc
av was calculated by averaging over the two monolayers; kc
up/low gives the
bending modulus for the upper/lower monolayer separately.when calculating the bending moduli of the separate mono-
layers. Systems with 2048 lipids shifted the bending moduli to
20–30% larger values compared to the four times smaller
systems, reflecting possibly not fully developed undulations at
large wavelengths.
An analysis of the spectral intensity as a function of the
frequency and the wave number showed that small frequencies
dominate in the small wave number region (2π/λ0≈1.8 nm−1),
that is crucial in the calculation of the bending modulus (Fig. 7).
For direct comparison to compressibility experiments (see
below), the area compressibility KA was determined as well.
Assuming a statistical ensemble, it can be calculated from the
area fluctuations of the bilayer according to [70,71,39]
KA ¼ kBT dAhdA2i ð13Þ
where A is the bilayer area. Within the large error margins, long-
chain alkanols at moderate to high concentrations increased
the area compressibility by a factor of 3–8 with respect to pure
DMPC bilayers while no effect was seen for ethanol (within
the error bars). The area compressibility for pure DMPC
(KA=300 … 700 mN m
−1) is at least a factor of two larger than
the respective experimental values ([72] and values in this
manuscript). However, the results (see Supplementary material)
show a strong dependence on the length of the simulation as
well as on the selected time interval, indicating undersampling
of the fluctuations [71]. This undersampling is presumably
coupled to an underestimation of the fluctuations, impeding a
quantitative comparison to experiment.
3.1.7. Diffusion coefficient
In Fig. 8 the lateral diffusion coefficients of the lipid
headgroups, calculated for the systems with 128 (512) lipids
containing 72 (288) 1-alkanols each and for the respective
control simulations of pure DMPC, are compared with results
from the continuous bleaching experiments (see below). The
addition of long-chain 1-alkanols decreased the lipid diffusion
coefficient compared to pure DMPC, while addition of ethanolFig. 7. A contour plot of the intensity as a function of the wave number and the
frequency for the system C2. A time interval of 46 ns was analyzed with a time
resolution of 1 ps. The intensity shows a sharp peak for low frequencies and
small wave numbers.
Fig. 8. Comparison between the experimental and simulated values for the
lateral self-diffusion coefficient of the lipids. The simulation data were taken
from the systems with 512 lipids and 288 1-alkanol molecules each.
Fig. 9. Isothermal compressibility as a function of applied lateral pressure as
obtained from film balance experiments on DMPC monolayers with and without
ethanol (T=13 °C) or tetradecanol (T=7.5 °C). The left side from the intersection of
the tangents (dotted lines) denotes the liquid expanded phase. The x-coordinate
of this intersection distinguishes the onset of the liquid expanded phase while the
y-coordinate defines the isothermal compressibility κT (κT≈0.017 m/mN for a
DMPC monolayer with water subphase and κT≈0.031 m/mN for a DMPC
monolayer on a water subphase containing 2 vol.% ethanol at T=13 °C). For the
sake of clarity only two pairs of tangents are shown. During analysis several
tangents have been applied providing the error bar given in the text. Different
temperatures have been chosen for experimental convenience, as it allows to clearly
define the onset of the liquid expandedphase, which can only be observed in certain
temperature intervals.
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changes in the area per lipid. For octanol, decanol, and
tetradecanol, the area per lipid was decreased, i.e., the lipids
were more closely packed than for a pure DMPC bilayer.
Additionally, hydrogen bonds that were formed between the
long-chain 1-alkanols and the lipids were rather long lasting and
thereby larger complexes with a decreased diffusion coefficient
could be formed. For ethanol in turn the opposite effect held
true: the area per lipid was enlarged, resulting in an increase of
the average distance between the lipids. Ethanol–lipid com-
plexes are comparable to single lipids in size and weight and are
therefore expected to exhibit similar diffusion properties as
lipids in ethanol-free bilayers.
Quantitatively, the simulation result for the pure DMPC
bilayer (DL
sim=11.1±0.5 μm2 s−1) compare well with published
values; for example, Filippov et al. [73] reported a value
DL≈11 μm2 s−1 at T=308 K for the lateral diffusion coefficient
of lipids in DMPC bilayers with 35 wt.% of 2H2O. In agreement
with our simulation results, an increase in the lipid diffusion in
the presence of ethanol was reported in earlier experimental
studies of ethanol-altered membrane fluidity in erythrocyte and
brain membranes by Chin and Goldstein [74] and in studies of
the lipid mobility in neural crest cells by Chen et al. [75].
3.2. Experiments
3.2.1. Diffusion coefficient
Continuous bleaching (CB) experiments were performed
using solutions of 10 vol.% of ethanol or 10 mol% of
tetradecanol. In the presence of ethanol the diffusion constant
remained almost constant (minimal increase) in relation to a
pure membrane. However, the data exhibit a rather large error
bar. We assume that the presence of ethanol disturbs the
membrane cushion causing some heterogeneity in the lipid
bilayer, which would indeed result in an increased error bar.
This assumption was confirmed by diffusion measurements on
the bare glass slide without further support; here, the error
decreased while the diffusion coefficient remained slightly
enlarged.In the case of tetradecanol, a clear decrease in D was
found in agreement with the simulation (Fig. 8). Although
the general tendency as well as the order of magnitude is
preserved, there are discrepancies in the absolute values. The
difference in temperature and the necessity of a soft support
cannot be excluded to affect the measurement of the
diffusion constant. Considering all these factors the good
agreement between the experiments and the simulations is
remarkable.
3.2.2. Film balance experiments
3.2.2.1. Compressibility measurements. By monitoring a
pressure–area isotherm on a film balance, the isothermal
compressibility κT of a monolayer can be calculated by
applying Eq. (10). In Fig. 9, the isothermal compressibility of
a pure DMPC monolayer compared to a DMPC monolayer
with 2 vol.% ethanol in the subphase or 10 mol% tetradecanol
in the monolayer is shown. The presence of a pronounced
peak, which represents the lipid phase transition, was
necessary to assign the compressibility of the fluid phase.
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the two phases the compressibility of DMPC/ethanol and
DMPC/tetradecanol was measured at slightly different tem-
peratures. As described in the Materials and methods section,
the onset of the fluid phase was taken as the lower left of the
shoulder in Fig. 9 defined by the two adjacent tangents (dotted
lines). Although the absolute value of κT might slightly
depend on the temperature, the order of magnitude and the
change in κT when adding 1-alkanols are not expected to vary
significantly over the relatively small relevant temperature
interval. From Fig. 9 we find an increase in isothermal com-
pressibility in the presence of ethanol by approximately 80%.
When adding tetradecanol, however, the membrane becomes
roughly 30% stiffer. In the fluid phase with non-coupling
monolayers, the bending modulus kc of a bilayer can be
approximated by the monolayer isothermal compressibility
according to [76–78]
kcc
2
a
d2
jT
; ð14Þ
where d denotes the membrane thickness of the bilayer and κT
the isothermal compressibility of the monolayer in the fluid
phase. a is a numerical constant which depends on the details
of the model. For two leaflets free to slide past each other a
was estimated to be 48 [78]. This model has been applied
here. Taking d from the simulations (Table 4) and κT from the
experiment, Eq. (14) yields a bending modulus of 3.0±
0.6×10− 20 J (2.0±0.4×10− 20 J) for the pure DMPC
membrane at 13.0 °C (7.5 °C). For the ethanol-treated mem-
brane, the bending modulus is decreased (1.6±0.3×10−20 J)
while it is increased for the membrane containing tetradecanol
(3.2±0.6×10−20 J). This is in good agreement with the
simulation results for the bending moduli (Table 7). Both
theoretical and experimental findings therefore demonstrate
that addition of tetradecanol in the membrane decreases the
compressibility and consequently increases the bending
modulus, while ethanol has the reverse effect (see also
Tierney et al. [79]).Fig. 10. Heat capacity profile for DMPC in the presence and absence of ethanol
and tetradecanol.3.2.2.2. Area per lipid. Film balance experiments allow to
monitor the change in the average area per molecule as a
function of temperature and pressure in the presence and
absence of 1-alkanols very precisely. As the fluid phase extends
over a certain pressure or temperature interval, the average area
per molecule in this phase is not constant. In order to compare
our experimental data to the simulations, we calculated the
relative change in area per molecule with and without 1-alkanol
for some reference point taken as the lower left of the shoulder
in Fig. 9. When looking at the isotherm (data not shown), the
resulting pressure corresponds to an increase in area per
molecule of approximately 20% in the presence of 2 vol.%
ethanol in the subphase. The change in area per molecule in the
presence of tetradecanol was evaluated following the same
protocol. However, since tetradecanol is not water soluble, it
was not added into the subphase, but directly mixed with the
DMPC/chloroform solution before spreading. A decrease in thearea per molecule of roughly 10% could be calculated from Fig.
9 and the corresponding isotherm. Thus, experiment and
simulations do agree in their general tendency of an increase
in area per lipid in the presence of ethanol and decrease with
tetradecanol.
3.2.3. Microcalorimetry
In Fig. 10, the heat capacity profiles for DMPC in the
presence and absence of 1-alkanols are illustrated. The
existence of 10 vol.% ethanol in the bath shifts the phase
transition temperature of DMPC with respect to the pure system
by 2.2 K to lower temperatures. This clearly indicates that
ethanol incorporates into the membrane and stabilizes the fluid
phase. Thus one would expect a reduced order parameter and a
decreased packing density with increasing ethanol concentra-
tion at constant temperature.
These findings are in agreement with our simulations (see
Fig. 3) and NMR studies by Barry and Gawrisch [80].
Assuming that ethanol only incorporates into the fluid phase
of the lipid membrane, the formula for the melting point
depression (see Eq. (11)) can be applied. A shift of 2.2 K at
10 vol.% ethanol leads to a fraction of approximately six
ethanol molecules per 100 DMPC molecules. The thermody-
namic partition coefficient is therefore estimated to Kp≈2, in
good agreement with earlier studies [50]. In contrast, the
addition of tetradecanol stabilizes the gel phase of the
membrane by shifting the phase transition to higher tempera-
tures. Therefore, tetradecanol is expected to increase both the
order parameter and the packing density of the lipids. Since the
number of tetradecanol molecules in the subphase is unknown
Fig. 11. Sketch of structural lipid bilayer changes upon addition of ethanol and tetradecanol.
2911B. Griepernau et al. / Biochimica et Biophysica Acta 1768 (2007) 2899–2913(see Materials and methods section) a partition coefficient
cannot be given. However, experiments and simulations are
once more in excellent agreement.
Our conclusion of an enhanced packing density for DMPC
membranes treated with tetradecanol and a decreased packing
density after incorporation of ethanol derived from the DSC
experiments is qualitatively in agreement with the findings of
Aagaard et al. [81], obtained by vibrating tube densitometry.
4. Summary and conclusions
We have shown that 1-alkanols of different chain length
exert a profound influence onto the structure and dynamics of
DMPC bilayers. In the simulations, all 1-alkanols diffused into
the bilayer very quickly. While the partition coefficients of the
long-chain 1-alkanols octanol, decanol, and tetradecanol
matched experimental values, the partition coefficient of
ethanol was overestimated. Usage of a refined forcefield
could partially resolve this issue. The 1-alkanol's hydroxyl
group preferentially hydrogen-bonded to the lipid carbonyl
atoms and the carbon chains of the long-chain 1-alkanols
aligned with the lipid carbon chains. In agreement with
differential scanning calorimetry (DSC) experiments, the
simulations showed that long-chain 1-alkanols increase the
lipid order and decrease the fraction of lipids being in gauche
conformation (see Supplementary material). Order parameters
determined from the simulations allowed to unambiguously
reassign the peaks in the spectra obtained by NMR experiments
on multiple deuterated lipids. The area per lipid is increased
and the bilayer is slightly thinned by adding ethanol. In
contrast, long-chain 1-alkanols had the reverse effect on the
membrane structure (Fig. 11). For the lipid dynamics and the
elasticity of the bilayer the same antagonism held true: ethanol
increased the diffusion coefficient of the lipids (in the
simulations) and decreased the bending modulus of the bilayer,
while the long-chain 1-alkanols decreased the lipid diffusion
coefficient and increased the bending modulus. The total
volume of the hydrophobic bilayer core was slightly increased
by the inclusion of any 1-alkanol, yet these changes seem to be
too small to lend support to volume expansion theories of
anesthesia.
The main predictions of the MD simulations were confirmed
by continuous bleaching experiments, DSC measurements, and
film balance experiments for ethanol and tetradecanol. Quali-
tative agreement was obtained between the simulations and the
experimental results for the diffusion coefficient and the bilayer
elasticity. In DSC measurements, differential shifts of the phasetransition temperature were found for ethanol and tetradecanol.
The increase in lipid order by long-chain 1-alkanols in com-
bination with the increase in bending modulus and the
thickening of the bilayer can be interpreted as a stabilization
of the lipid bilayer gel phase.
The reported structural and dynamical changes of the
bilayer properties by the insertion of 1-alkanols may partly
be responsible for the anesthetizing and permeation enhanc-
ing effect of these drugs: the changes in the bilayer thickness
could cause a mismatch between the lipid matrix and
embedded membrane proteins and modify protein–bilayer
hydrophobic interactions. Thus, for proteins undergoing
conformational changes at the protein–bilayer interface, the
conformational equilibrium between different states could be
shifted. In a similar way, the protein function could as well
be regulated by the bilayer elasticity [9], which was
modulated by 1-alkanols, too. Asymmetric insertion of
long-chain 1-alkanols may moreover lead to a considerably
transient local thinning and probably destabilization of the
membrane.
In order to elucidate the mechanism of anesthetics at the
atomic scale and to distinguish between indirect effects via a
change of the membrane properties and direct effects upon
binding of anesthetics to the respective target proteins, future
work will require the study of potential targets for anesthetics
like ion channels embedded in explicit multicomponent
membranes.
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